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INTERMITTENT PNEUMATIC COMPRESSION (IPC) therapy of the calf is a home-based and cost-effective treatment for patients with peripheral artery insufficiency that is regarded as a promising alternative to pharmacological and surgical interventions. Regular IPC application has been shown to promote increases in claudication distance (7, 10, 12, 40) as well as marked improvements in limb hemodynamics (10, 12, 13, 28) , ulcer healing (20, 35) , and rates of limb salvage in cases of critical limb ischemia (20, 35) . Surprisingly, despite growing clinical acceptance and prescription, the fundamental physiological adaptations responsible for these remarkable benefits have not been prospectively examined. Further, few efforts have been made to optimize the design and application of the IPC device to maximize the clinical impact of this therapy for patients with claudication.
Based on the observations of improved postexercise but not resting limb hemodynamics (10) , it has been proposed that changes in vasomotor function of the arteries in the lower limb constitute the central adaptation underlying the changes in exercise capacity (7, 20) . One prevailing hypothesis is that the brief hyperemic response to each compression improves endothelial function by transiently enhancing shear stress (7, 20) . Although attractive, this notion is largely based on anecdotal evidence since no studies to date have comprehensively examined the dynamic changes in blood flow (BF) and shear rate that occur during IPC application. Previous studies (43) from our group demonstrated that IPC application in the forearm promotes a highly oscillatory shear rate pattern with low net BF. This is an important observation since this hemodynamic profile has been strongly associated with impairments in endothelial function and a proatherogenic endothelial phenotype (6) . If also true for the lower limbs, it is conceivable that acute exposure to IPC impairs rather than improves endothelial function in the lower limbs. To date, however, the impact of IPC application on endothelial function in humans is unknown.
An alternative hypothesis for the mechanistic basis behind the beneficial effects of IPC is that the forceful compressions promote local structural adaptations in the compressed tissue. This idea originated from the influential observations of Tan et al. (47) that a single session of leg compressions increases endothelial nitric oxide (eNOS) expression in the compressed skeletal muscle. Recently, we (42) have also documented in rats that leg IPC triggers marked increases in monocyte chemoattractant protein 1 and vascular endothelial growth factor (VEGF) expression. Given the key role of these factors in inflammation and vascular growth, these studies gave rise to the notion that IPC can possibly promote vascular remodeling in skeletal muscle. However, these initial studies were conducted in animal models and there is no available evidence of whether comparable changes in gene expression exist in similarly treated human skeletal muscle.
One critical observation from our studies in rodents was the fact that a higher frequency of compression evoked more consistent and robust changes in gene expression in the muscle compared with the frequency commonly employed in commercially available devices (42) . This finding led us to hypothesize that more frequent compressions of the leg could possibly magnify the documented clinical benefits associated with this therapy in humans. However, a higher compression frequency would in theory further increase the oscillation in BF and shear rate triggered by this therapy and therefore potentially negatively impact endothelial function in the leg. Aiming to gain insights into these issues, we examined in the present study the impact of a single session of IPC applied at the clinically used low-frequency (LF; 3 compression/min) and high-frequency (HF; 12 compression/min) on the hemodynamic profile and skeletal muscle gene expression in healthy young volunteers. We hypothesized that HF compressions would yield a higher mean BF but transiently impair endothelial function due to increased oscillatory shear patterns. Additionally, we anticipated that the HF compressions would result in an increased expression of genes involved in inflammation and vascular remodeling.
METHODS

Experimental Design
The protocol consisted of two studies. In the first study, ultrasound/ Doppler imaging was used to characterize 1) the hemodynamic profile in the popliteal artery during IPC application, and 2) the impact of a single IPC session on endothelial function. In the second study, messenger ribonucleic acid (mRNA) concentrations were assessed before and following a single session of IPC therapy in the treated and control limbs using quantitative polymerase chain reaction (Q-PCR). Experimental protocols were approved by the Purdue University Institutional Review Board and the University of Missouri Health Sciences Board. Written informed consent was obtained from all subjects before participation.
Subjects
Eleven male subjects participated in study 1, and nineteen male subjects participated in study 2. Physical characteristics of the subjects for each study are reported in Table 1 . In both studies, subjects reported to the laboratory having fasted and abstained from caffeine and multivitamins for Ն4 h and from alcohol and exercise for Ն12 h before participation. After arriving at the laboratory, subjects were initially seated in a comfortable chair, received detailed instructions about the experimental procedures, and completed a medical and exercise history questionnaire. Exclusion criteria included current smoking, hypertension (resting blood pressure of Ն140/90 mmHg), symptoms of metabolic or cardiovascular disease, and medications. Additionally, physical fitness was considered to be a potential confounding factor and subjects reporting regular exercise (defined as regular participation in exercise Ն2 days/wk) were excluded.
IPC Device
A clinically used apparatus (ArtAssist 1000; ACI Medical, San Marcos, CA) was used to administer LF IPC to subjects in both studies. This device delivers three compressions per minute (3-s inflation/17-s deflation) at a pressure of 120 mmHg to the foot then calf with a 0.5-s delay. To provide HF IPC, the device was modified to deliver 12 compressions per min (2-s inflation/3-s deflation) at the same pressure and delay.
Study 1
Protocol. Study one was a randomized, paired design in which the treatment leg of each subject was exposed to the HF or LF treatment on 2 separate days. The contralateral leg served as an internal control. The time of day was similar between visits (visit 1: 11:28 AM Ϯ 52 min; visit 2: 12:06 PM Ϯ 69 min), and the treatment leg was consistent for each subject on both visits. Following completion of informed consent and medical/exercise history questionnaire, subjects were instructed to lay prone for 30 min. Resting blood pressure and heart rate were obtained using an automatic monitoring system (Suntech Tango; Suntech Medical, Morrisville, NC). A reactive hyperemia (RH) and flow-mediated dilation (FMD) measurement was performed on both the control and treatment legs in a randomized order. The subject was then transferred to a chair, and the IPC cuff was fitted on the intervention foot and leg. After 5 min of upright sitting, baseline hemodynamics were measured in the popliteal artery of the intervention limb. The subject then underwent IPC treatment at the designated frequency for 1 h. Hemodynamics were measured within the first 5 min and again at 45 min of treatment. Upon the completion of the compression session, the subject was transferred back to the examination table in the prone position for the posttreatment RH and FMD measurements. To detect transient changes in vascular function, the posttreatment order was not randomized; the intervention leg was always measured first after termination of treatment (occlusion occurred within 3.5 min on average). The same experienced sonographer completed all ultrasound/Doppler measurements in this investigation.
Reactive hyperemia. During the 30-min acclimatization period, a cuff (Model SC5; Hokanson, Bellevue, WA) was fitted on the leg immediately distal to the tibial tuberosity and attached to a rapid inflation/deflation device (Hokanson). The popliteal artery was then imaged at 2-10 cm proximal to the popliteal fossa using a 5-to 12-MHz multifrequency linear array transducer attached to a high resolution ultrasound/Doppler system (Terason T3000; Teratech, Burlington, MA). Doppler velocity was measured with an isonation angle of 60°and sample volume was maximized to inner-lumen diameter. Transducer and cuff positions were marked to ensure consistent placement on subsequent measurements. Baseline vessel diameter and blood velocity were recorded continuously for 30 s, at which point the leg was occluded for 10 min by inflating the cuff to 220 mmHg. During occlusion, recording was paused but transducer placement was maintained to ensure image consistency. Recording was resumed within 10 s before cuff release and diameter and RH blood velocity were subsequently recorded continuously for 3 min following cuff deflation. Additionally, blood pressure and heart rate were noted within the first 10 s following cuff release. Three-second rolling averages of vessel diameter and blood velocity were calculated at baseline and throughout the RH period. FMD, an indicator of endothelial function, was defined as the 3-s average diameter with the largest percent change from baseline diameter. BF (ml/min) was then calculated at 3-s intervals using the following formula:
where BV is blood velocity in cm/s, D is vessel diameter in cm, and 60 is used to convert to ml/min. Peak RH blood flow (RHBF) was considered to be the highest 3-s mean flow following cuff release. Postocclusions BF was calculated by summing the volume of BF during each 3-s interval for 2 min and was used to quantify the entire reactive hyperemic response. To account for possible changes in mean arterial pressure [MAP ϭ diastolic ϩ (systolic Ϫ diastolic)/3], vascular conductance was calculated as RHBF/MAP.
Hemodynamic profile during compressions. With the subject seated upright and the treatment leg partially extended with the femur parallel with the ground and heel supported 4 -6 cm above the floor, the popliteal artery was imaged at the same location marked during the RH measurement using the same ultrasound/Doppler system and settings described above. Measurements were taken at baseline, within the first 5 min of treatment, and again at 45 min of treatment.
In an effort to minimize the motion artifact inherent to imaging in close proximity to the compression cuff, the technician's hand was stabilized by placing the wrist and forearm on an adjacent stationary object. Recording was maintained until at least four complete inflation/deflation cycles were recorded where both lumen diameter and velocity profile were clearly visible for the entire cycle. The calculations performed below used the mean of four cycles at a given time point. The small variation in vessel diameter (see Table 3 ) is an indication of the reliability of this method.
To characterize the hemodynamic profile during compressions, peak antegrade, peak retrograde, and mean blood velocity were determined for both the inflated and deflated phases of each treatment and at each time point. The beginning and end of each phase were identified offline by examining the velocity tracing for nonphysiologic disturbances in flow (Fig. 1) . The temporal length of each phase was measured for each observation to validate this method and ensure consistency. Vessel diameter was also measured. These variables were used to calculate BF, shear rate, and oscillatory shear index (OSI). Mean blood flow (MBF) during compressions was determined as follows:
where the total volume of BF during a single phase is TBV, i is inflation, d is delfation, and t ր 60 represents the proportion of one min that the cuff is in each phase. Shear rate (SR, s Ϫ1 ), a useful estimator of shear stress that does not account for blood viscosity, was calculated using the formula SR ϭ 4V b ր D, where Vb is blood velocity and D is vessel diameter (36). OSI is a dimensionless variable that ranges from 0 to 0.5, where zero is strictly antegrade flow and 0.5 is purely oscillatory (38) . It was calculated as follows (38) It is important to note that OSI is typically used to quantify the oscillations in shear that the vessel experiences on average during each cardiac cycle. Due to the aperiodic nature of the blood velocity that results from IPC, the "peak" OSI (pOSI) was determined using the peak antegrade and peak retrograde shear rates experienced during an entire phase. Therefore, pOSI does not necessarily represent the oscillatory nature of a single cardiac cycle but rather the maximum oscillation throughout each inflation or deflation phase.
Data analysis. Analysis of both RH and during compression hemodynamics was completed offline by the same blinded, experienced technician. Diameter was assessed using commercially available software (brachial analyzer; Medical Imaging Applications, Coralville, IA) that automatically detects the inner-lumen diameter within a user-defined region of interest. The user is able to manually select the wall borders, although this practice was kept at a minimum to ensure consistency. Blood velocity was measured using a custom designed MatLab (Mathworks, Natick, MA) program that has been described and validated elsewhere (38, 43) . Briefly, this program finds the average of all pixels of a given intensity range within a column of pixels in the Doppler velocity sweep so that each one-pixel width column provides one data point. This yields 100 data points per second of recorded data and allows for the determination of mean overall, mean antegrade, mean retrograde, peak antegrade, and peak retrograde velocities of each cardiac cycle. In the case of the during compression hemodynamics, this software enables the user to manually define the beginning and end of each phase.
Study 2
Protocol. In study 2, 21 individuals were randomly allocated to one of three groups: HF, LF, and sham controls. Following 25-30 min of seated rest, the participants were positioned prone in a bed and the first biopsy was taken from the lateral gastrocnemius of the leg. Once recovered from the procedure, the subjects moved back to the chair and had the compression cuff firmly wrapped around the nondominant leg and foot. Compressions were applied continuously for 1 h following the protocol specification detailed above. Subjects in the shamcontrol group had the cuffs placed in their legs but did not undergo the treatment. Thirty and 150 min following the completion of the IPC session the biopsy procedure was repeated.
Muscle biopsies. Biopsies were taken from the lateral gastrocnemius using a modified Bergstrom needle. While the subjects were under local anesthesia (3-5 ml of lidocaine), a small incision (ϳ1 cm) was made in the skin and muscle fascia and ϳ30 -50 mg of tissue were sampled. Subsequent biopsies were taken at sites separated by 2-3 cm. The specimens were promptly placed in RNA stabilization reagent (RNAlater; Ambion), incubated at 4°C for up to 48 h, and then stored at Ϫ80°C until further processing for RT-PCR analysis.
RNA isolation and RT-PCR analysis. Approximately 30 mg of the muscle tissue were homogenized in a lysing solution (Buffer RLT; Qiagen, Valencia, CA) containing 14.3 M ␤-mercaptoethanol using a tissue homogenizer (Fisher Scientific, Waltham, MA) as previously described (42) . Total RNA was isolated using an RNeasy fibrous tissue mini kit (Qiagen) and assayed using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and concentration. First-strand cDNA was synthesized from total RNA by reverse transcription primed by a mixture of random hexamer and oligo (dT) primers (iScript cDNA synthesis kit; Bio-Rad, Hercules, CA). The reactions were incubated in a PCR Express Hybaid thermal cycler (Hybaid, Franklin, MA). Quantitative real-time PCR was performed using the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). Primers for each target were purchased from IDT (Coralville, IA). Sequences used are outlined in Table 2 . A 25-l reaction mixture containing 24 l of Power SYBR Green PCR MasterMix (Applied Biosystems) and the appropriate concentrations of gene-specific primers plus 1 l of cDNA template was loaded in each well of a 96-well plate (duplicate samples). PCR was performed with thermal conditions as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A dissociation curve analysis was performed after each run to verify the identity of the PCR products. The comparative cycle threshold (C t) method was utilized to calculate the changes in expression of each target mRNA (32) .
Statistical Analysis
Analysis was done using the MIXED procedure from the software SAS v9 (SAS Institute, Cary, NC). Initial analysis was done including all interaction terms with simpler models considered if interaction terms were decidedly nonsignificant. To account for the dependencies inherent in taking multiple measurements on the same individual, the subject was treated as a random effect in a mixed model ANOVA. Residuals from the fitted models were examined to determine if the assumption of normally distributed error terms was reasonable. Where the normality assumption was questionable, nonparametric methods appropriate for data collected in blocks were used. To account for the large heterogeneity of variances of the during compression hemodynamic measurements, the MIXED procedure in SAS v9 was used with REPEATED statement and appropriate options. This procedure also accounts for the fact that each subject is measured under all conditions. Significance level was set at ␣ Ͻ 0.05. Data are presented as means Ϯ SE unless otherwise noted.
RESULTS
Hemodynamics During Compressions
Hemodynamic responses to IPC treatment are displayed in Table 3 . During the first 5 min of IPC application, HF and LF treatment frequencies resulted in a roughly twofold increase in mean BF compared with baseline (P Յ 0.01; Fig. 2A ).However, HF BF significantly decreased by 45 min and was no longer statistically different from baseline BF. Figure 2B demonstrates that this decrease in HF BF was driven by a significant decrease in BF during the deflation phase. Inflation BF was significantly lower throughout HF compared with LF treatment (P Ͻ 0.01; Fig. 2B ). No changes in mean or phase BF responses were observed between 5 and 45 min during LF treatment. Shear rate within the first 5 min of treatment was significantly greater in HF than LF (P Ͻ 0.01; Fig. 2C ). Similar to BF, HF shear rate decreased significantly by 45 min (Fig. 2C) and was driven by a decrease in shear rate during the deflation phase (Fig. 2D) . Retrograde shear was more negative during inflation throughout HF treatment compared with LF treatment.
Peak OSI responses to IPC are illustrated in Fig. 3 . Both treatments yielded a pOSI that was significantly higher during inflation and significantly lower during deflation (P Ͻ 0.005) than baseline OSI. By 45 min of HF treatment, pOSI during deflation was significantly increased compared with 5 min (P Ͻ 0.0001) and the pOSI during inflation was significantly higher than LF (P Ͻ 0.02).
Vascular Function
The reactive hyperemia measurements of one subject were excluded due to poor image quality. Thus 10 subjects (n ϭ 10)
were included in the analysis of vascular function. Baseline diameter, velocity, and BF and postocclusion FMD, peak velocity, peak BF, MAP, and conductance are displayed in Table 4 . No changes were observed in FMD. Despite a decrease in RHBF and 2-min BF in the treated limbs following treatment, no treatment effect was detected due to a similar response in the control limbs.
Gene Expression
The results for two control subjects were excluded due to difficulties in obtaining a quality biopsy in one subject and misinformation provided by the other. Thus the control group represents five subjects (n ϭ 5). Skeletal muscle mRNA concentrations were assessed at baseline and at 30 and 150 min posttreatment in subjects exposed to cuff placement only (controls), HF IPC, and LF IPC. All changes are expressed as relative change from baseline levels. Decreased cysteine-rich protein 61 (CYR61) mRNA concentrations were observed following HF IPC compared with baseline (P Ͻ 0.01) and control (P Ͻ 0.05) at both 30 and 150 min, whereas LF IPC elicited a more modest decrease that was only significantly different from baseline at 30 min (P Ͻ 0.05; Fig. 4E ). Connective tissue growth factor (CTGF) mRNA concentrations decreased significantly compared with baseline at 30 min after HF IPC (P Ͻ 0.05), whereas LF IPC resulted in no changes ( Fig. 4F) . No significant changes were revealed in VEGF expression (Fig. 4A) . eNOS was significantly higher in HF at 30 min compared with 150 min (P Ͻ 0.01), and there was a decrease observed in the controls at 150 min compared with baseline (P Ͻ 0.01; Fig. 4B ). CCL2 was decreased in HF at 30 min (P Ͻ 0.05) but elevated at 30 min in LF and controls compared with baseline (P Ͻ 0.05; Fig. 4C ). Chemokine C-X-C motif ligand (CXCL)12 mRNA concentrations were elevated (P Ͻ 0.05) compared with 150 min in HF only (Fig.  4D) . HF IPC increased proliferator-activated receptor-coactivator-␣ expression at 30 min compared with baseline (P Ͻ 0.01; Fig. 4G ). A significant increase in CXCL1 expression was observed at 150 min following both LF and HF treatments but not in the controls (P Ͻ 0.05; Fig. 4H ). Concentration of IL-6 mRNA decreased at 30 min following HF treatment compared with baseline and controls (P Ͻ 0.05) and was elevated following LF at 150 min compared with baseline (P Ͻ 0.05; Fig. 4I ).
DISCUSSION
Extensive evidence supports the efficacy of IPC therapy in the treatment of symptoms associated with peripheral artery disease (7, 8, 10, 12, 28, 40, 52, 53) . Surprisingly, the physiologic consequences of this treatment have not been examined and, as a result, it is unknown whether the existing IPC paradigm is optimized for clinical outcomes. To this end, we sought to describe in humans the physiologic response to a single bout of IPC treatment. The results of this investigation revealed three novel findings. First, IPC treatment results in periodic alternation between hyperemia during cuff deflation and a high oscillatory/low net shear rate pattern during cuff inflation. Consistent with our hypothesis, HF treatment causes both a greater magnitude and occurrence of oscillatory shear compared with LF. Second and contrary to our hypothesis, IPC does not appear to acutely affect endothelial function as assessed by FMD and/or RHBF. Third, we observed in the compressed skeletal muscle a frequency-dependent modulation of the expression of some genes (CYR61 and CTGF) but not others.
Hemodynamic Profile During IPC Application
The hyperemic response to cuff deflation during IPC has been well described (10, 11, 13, 28, 29) . However, this is the first study to 1) document shear rate during IPC treatment, 2) describe the BF response to both phases of treatment, and 3) determine the time course of these local hemodynamic responses. Our results indicate that IPC elevates both shear rate and BF and lowers pOSI during cuff deflation whereas cuff inflation has the opposite effect. Further, HF IPC results in a reduction in mean BF and shear rate by 45 min of treatment to a point no longer statistically different from baseline BF.
Elevated shear stress is known to acutely induce the release of vasodilatory substances such as nitric oxide and prostacyclin (24, 50) from the endothelium and regular exposure imparts atheroprotection by altering endothelial cell phenotype (34) . However, previous reports of the hemodynamic response to IPC treatment have failed to take into account the consequences of cuff inflation. The results from the current study indicate that cuff inflation intermittently exposes the vasculature to a low net/high oscillatory shear profile. This is consistent with previous work in rodents (42) and in the forearm of humans (43) . Acute exposure to low net/ high oscillatory shear pattern has been reported to impair endothelial cell function (17, 48, 57) , increase the expression of genes associated with inflammation and cell adhesion (16, 17) , and induce vasoconstriction via increased endothelin-1 expression (57). IPC frequency had a profound impact on the extent to which the vasculature is exposed to this detrimental shear profile. HF IPC resulted in a greater pOSI and lower net shear during inflation, and this occurred for a greater proportion of every min during HF treatment (24 s/min) compared with LF treatment (9 s/min). Thus it is important to recognize that any adaptations to IPC therapy resulting from hemodynamic alterations during treatment represent a balance between the opposing effects of these two distinct hemodynamic profiles.
The importance of the balance between high and low/ oscillatory shear is supported by the unexpected observation that BF and shear rate were considerably decreased from 5 to 45 min of HF IPC treatment. This decrease appears to have been driven solely by attenuation of blood velocity during the deflated phase. One potential explanation is that elevated exposure of the vasculature to low and oscillatory shear during HF treatment induced vasoconstriction in the resistance vessels. That a similar effect was not observed during LF treatment possibly indicates that the increased temporal exposure to high shear during deflation was sufficient to counteract the vasoconstrictive tendencies of low/oscillatory shear during inflation. Further examination is warranted to determine the precise mechanism responsible for this observation.
Acute Effects of IPC on FMD and Reactive Hyperemia BF
Enhanced endothelial function secondary to increased hemodynamic shear is thought to be a primary adaptation to IPC treatment (3, 7, 10, 53) . Reports (10) of increased postexercise ankle-brachial index but not resting ankle-brachial index following treatment certainly lend support to this theory. Yet surprisingly, IPC induced alterations in endothelial function have not been directly measured. As discussed above, the endothelium is highly adaptive to the hemodynamic environment and exposure to oscillatory shear for as little as 30 min can acutely impair its function (48) . In the current study, endothelial function was assessed in 1) the popliteal artery proximal to the compression site via FMD, and 2) the downstream vasculature via RHBF following an hour of IPC therapy. RHBF is indicative of the capacity of the downstream vasculature to accommodate flow and is used to assess structural and vasodilatory adaptations to training protocols (43, 45) . In the present study, we reasoned that a 1-h intervention is unlikely to induce structural changes and, therefore, we interpreted changes in RHBF to indicate transient alterations in vasodilatory ability of the downstream vasculature. Despite increased exposure to a detrimental shear profile and contrary to our hypothesis, IPC did not transiently impair vascular function (Table 4). This finding can be interpreted in two ways. First, upright posture chronically exposes the leg vasculature to increased hydrostatic pressure and OSI that appears to confer a resistance to temporary changes in vasomotor function (37) . If this is the case, then a chronic repeated stimulus may be required to alter endothelial function after IPC therapy. Second, a balance may exist due to the alternation between hyperemic and oscillatory hemodynamic responses to each phase of treatment, thus resulting in no net effect on vascular function. Nonetheless, endothelial function needs to be examined as an outcome variable to chronic IPC therapy to determine definitively if endothelium-dependent dilation is a key adaptation to treatment.
Although there was no effect of IPC treatment on RHBF, an interesting and unexpected result of these measurements warrants mention. Following IPC treatment, there was a significant decrease in baseline BF and velocity in both the treated and control limbs. This appears to be maintained throughout the reactive hyperemia period following cuff occlusion. Additionally, that MAP increased and conductance decreased following treatment while heart rate remained unchanged may suggest that local increases in leg vascular resistance contributed to the increase in MAP without sympathetic engagement. Although speculative, it is possible that this provides evidence of a local adaptive mechanism to maintain blood pressure during upright posture. Interestingly, similar observations were not made by Padilla et al. (37) following 3 h of upright sitting. The reasons for this discrepancy are not immediately clear. Further, the decrease in baseline BF was measured in the control limb roughly 20 min after the hydrostatic stimulus was removed. This is an important observation since 20 -30 min is used as the acclimatization period for subjects to reach a baseline state in many investigations, including the current one.
IPC Frequency Differentially Effects Skeletal Muscle Gene Expression
Our previous work in rodents (42) led us to test the hypothesis that IPC would induce local alterations in skeletal muscle gene expression in humans. We selected genes that are both known to impact either inflammation or vascular remodeling and display evidence of being rapidly expressed in response to mechanical stimuli. The novel findings were 1) that IPC transiently alters gene expression of the compressed tissue in a frequency-dependent manner, and 2) that our results are inconsistent with other models previously used to investigate the impacts of IPC on gene expression.
The most robust changes in mRNA concentrations in response to IPC treatment arose from the CCN gene family: CYR61/CCN1 and CTGF/CCN2 (Fig. 4) . Elevated mRNA concentrations of CYR61 and CTGF have been reported 30 min after an exercise bout with high mechanical load (23) . Additionally, chronically elevated expression of these genes is characteristic of certain pathologies that involve neovascularization such as atherosclerosis and some metastatic cancers. From these observations, we anticipated that IPC treatment would locally enhance CYR61 and CTGF expression. However, CYR61 and CTGF mRNA concentrations following HF IPC were robustly decreased from baseline and CYR61 was also decreased compared with controls. LF treatment yielded a more modest decrease in CYR61 and no significant effect on CTGF expression.
The precise reasons for these discrepant findings are elusive. CYR61 and CTGF play a significant regulatory role in the angiogenic process through chemotactic signaling of vascular endothelial cell migration and adhesion in the extracellular matrix (27) . Additionally, these genes regulate the transcription and posttranscriptional processing of other important angiogenic factors. For example, VEGF expression is directly related to concentrations of CYR61 protein (56) , whereas CTGF forms a complex with VEGF that renders it ineffective (18) . Due to the complex regulatory role of CYR61 and CTGF in vascular remodeling (for review, see Ref.
2), the implications of the transient decrease of the expression of these genes observed in the current investigation are unclear. One possibility is that IPC elicits a hormetic response such that repeated exposure to an acute down-regulation results in a compensatory chronic upregulation. This is the first investigation to examine gene expression responses to external limb compression in humans. A noteworthy observation is that our results are largely contradictory to previous work in both rodents and in vitro cultured human umbilical vein endothelial cells. We have previously reported in rodents that 2.5 h of high frequency (2-s inflation/2-s deflation, 120 mmHg) IPC increases the relative expression of VEGF and CCL2 compared with both low (4 s/16 s, 120 mmHg) frequency and control groups (42). Tan et al. (47) reported a 180% increase in eNOS mRNA in the hindlimbs of rodents exposed to IPC at a low rate of compression (5-s inflation/25-s deflation) at 55 mmHg. Inherent experimental differences between rodents and humans (i.e., rodents must be anesthetized during treatment) or species differences (i.e., 120 mmHg is not the same stimulus between species) may account for our dissimilar findings. Further, Dai et al. (5) reported a twofold increase in eNOS mRNA concentration in cultured human umbilical vein endothelial cells in response to an in vitro system designed to mimic external limb compression by applying both tube compression and pulsatile shear stress for 5 s once per minute. Other stimuli present during IPC, such as low net/oscillatory shear during cuff inflation, were neither applied nor considered. Our conflicting results highlight that the many stimuli of IPC need to be considered collectively and that translating observations in animal and in vitro IPC models to in vivo responses in humans must be done cautiously.
Impact of Compression Frequency
Commercially available IPC devices typically apply pressures ranging from 65 to 120 mmHg at a cycle rate of three compressions per minute (30) . The design of these pumps appears to be based on two major premises: first, it is believed that the hyperemic response during the deflation phase is the primary mechanism underlying the clinical benefits associated with this therapy (9, 10, 29) . Second, it has been hypothesized that the enhanced arterial-venous pressure difference during IPC application is the major driving force for the temporary increases in BF (10) . Thus the aforementioned pressures and timing of compressions were chosen to provide optimal emptying of the venous circulation and maximize the hyperemia following each compression cycle (9) . Although insightful, the design of the current IPC application protocols ignores the fact that the change in arterial-venous pressure during compressions only partially explains the hyperemic response during the deflation phase of IPC (54) . In fact, it is now known that a fast vasodilatory response ensues after compression of a limb irrespective of the venous pressure (22, 51 of these pumps does not take into account that factors other than BF could also modulate the adaptations to this therapy. Alterations in circumferential wall strain as well as the direct impact of forceful compressions on skeletal muscle (41) are a few of a vast array of mechanical events that could underlie the benefits associated with IPC. If both active vasodilation and other mechanical forces are also important, it is conceivable that more frequent compressions could provide superior benefits compared with the currently employed protocols. In that regard, this is the first study in humans to examine the impact of compression frequency on clinically relevant outcomes. Taken together, our findings encourage additional studies aimed at defining the optimal protocols of application for IPC therapy.
Potential Systemic Mechanism
The focus of the current study was to examine acute local responses in the treated limb. However, evidence exists that indicates that external limb compression is capable of inducing systemic effects as well. Bilateral leg IPC in rats has been shown to have effects in the cremaster muscle by increasing eNOS expression (4) and inducing NO-mediated vasodilation in the microvasculature (4, 31) . Additionally, ischemic preconditioning protocols provide evidence of altering gene expression in both circulating leukocytes (25) and the myocardium (26) . Although significant differences exist in stimulation characteristics (i.e., compression pressure, frequency, and duration) of these studies compared with the current one, the potential for IPC to induce important systemic effects warrants further consideration.
Experimental Considerations
Location of hemodynamic measurements. In the present study, the hemodynamic profile during IPC applications was characterized in the popliteal artery proximal to the compression site. This measurement location is that previously used to assess the BF response to IPC (14, 28, 29, 54) . Ultrasound/ Doppler imaging of conduit arteries in the compressed region was not possible 1) because the IPC cuff covers the majority of the lower leg, and 2) because of the significant movement artifact in that region due to rapid cuff inflation. This required us to make the major assumption that this hemodynamic profile was mirrored downstream in the compressed vasculature. While it is likely that this holds true during cuff deflation because inflow to the limb is unimpeded, it is less certain as to what occurs during cuff inflation. Both treatments yielded negative mean BF and shear rate values during inflation. This indicates that each compression fully, albeit briefly, occluded the limb. Therefore, it is fair to assume that in the compressed region during inflation there is a low-net shear profile and that this profile is disturbed by the external compression. A lownet/disturbed hemodynamic profile is characteristic of highly atherosusceptible bifurcating regions of the arterial tree. Thus, although the current study was unable to directly measure hemodynamics in the compressed vasculature, extrapolation from the observed flow proximal to the compressed site suggests that a detrimental flow profile is likely to exist in this region during inflation.
Subjects. It is important to recognize that the benefits of IPC therapy have been reported only in an aging clinical population with peripheral artery disease. It is therefore plausible that this pathologic condition is necessary for IPC to be effective. Thus physiologic responses to IPC may be vastly different in the young, healthy male population examined in the current investigation. Further, the effect of everyday locomotion inherent in our subject population undoubtedly exposes the leg to a similar stimulus as provided by IPC and thus may have limited the response to treatment observed in our subjects. Nonetheless, elucidating the response to treatment in a healthy population provides critical first step towards understanding of the physiologic effects of IPC therapy.
Conclusions
This is the first investigation to describe the acute physiologic responses to a single session of IPC therapy in humans. Our findings indicate that IPC treatment induces a significant perturbation to the hemodynamic profile of the compressed limb. Surprisingly, the periodic exposure to low net/oscillatory shear during inflation does not appear to acutely impair vasodilatory ability. This may be due to the counteracting effects of elevated shear consequent of cuff deflation. Additionally, a single session of IPC treatment causes local gene expression changes in the compressed skeletal muscle. Notably, the frequency-dependent decrease in the expression of CYR61 and CTGF expression suggests that mechanical compressions may influence extracellular matrix stability and vascular remodeling. The current study challenges the traditional assumptions regarding the mechanisms of action of IPC therapy. Longitudinal research is necessary to determine whether chronic exposure to the acute responses we describe herein are responsible for the beneficial clinical effects of IPC treatment.
